The ecotoxicological effects of nanomaterials on animal, plant, and soil microorganisms have been widely investigated; however, the nanotoxic effects of plant-soil interactive systems are still largely unknown. In the present study, the effects of ZnO nanoparticles (NPs) on the soil-plant interactive system were estimated. The growth of plant seedlings in the presence of different concentrations of ZnO NPs within microcosm soil (M) and natural soil (NS) was compared. Changes in dehydrogenase activity (DHA) and soil bacterial community diversity were estimated based on the microcosm with plants (M+P) and microcosm without plants (M-P) in different concentrations of ZnO NPs treatment. The shoot growth of M+P and NS+P was significantly inhibited by 24% and 31.5% relative to the control at a ZnO NPs concentration of 1,000 mg/kg. The DHA levels decreased following increased ZnO NPs concentration. Specifically, these levels were significantly reduced from 100 mg/kg in M-P and only 1,000 mg/kg in M+P. Different clustering groups of M+P and M-P were observed in the principal component analysis (PCA). Therefore, the M-P's soil bacterial population may have more toxic effects at a high dose of ZnO NPs than M+P's. The plant and activation of soil bacteria in the M+P may have a less toxic interactive effect on each of the soil bacterial populations and plant growth by the ZnO NPs attachment or absorption of plant roots surface. The soil-plant interactive system might help decrease the toxic effects of ZnO NPs on the rhizobacteria population.
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The exponential increasing number of engineered nanoparticles (ENPs), from cosmetics to medicine, can be accidentally or incidentally released to the ecosystems [2, 22] . Global nanotechnology is having an impact on human health and the environment, raising public concerns over the potentially harmful effects of such nanoparticles. The field of nanotoxicology is currently focusing on mammalian cytotoxicity or impacts to animals and bacteria [1, 21, 27] . Although, ENPs concentrations emitted from ecosystems (soil, air, and water) are unknown, ENPs concentrations in soil environments are higher than in water or air [6, 8] . A number of critical processes for soil microorganism may be affected by the fate and bioavailability of ENPs in soil. Although little is known about the environmental risks of ENPs to soil ecosystems, recent pure culture studies have demonstrated that ENPs can be toxic to bacteria (Bacillus subtilis, Escherichia coli, and Vivrio fischeri) and the mechanisms behind this toxicity include membrane disorganization, surface coating-related photocatalytic oxidation, and reactive oxygen species (ROS) [18, 29] . NPs have also been reported to reduce dehydrogenase activity (DHA), which is a representative soil enzyme. This can potentially be used to assess the impact of ENPs on the quality of soil and may be a suitable and sensitive indicator of soil alteration [17, 20, 24] . Recent studies on soil respiration, microbial biomass and PLFA analysis, and bioaccumulation of nanoparticles (NPs) in soil were performed [28] . Additional information on the impact of NPs on the structure of microbial communities was obtained by analyzing DGGE and T-RFLP banding patterns and PCR amplification on total soil genomic DNA using universal primers for bacteria [4, 10] . The interaction of ENPs and soil may undergo processes including agglomeration, sorption, dissolution, and migration, which may affect their bioavailability [5, 26] . However, it is difficult to conclude from these studies owing to the complex interactions between soil microbial communities and NPs.
Soil is the habitat for almost all microorganisms as well as all plants, where microbes interact with their biotic components, like the rhizosphere, and among themselves. Moreover, microbial populations in the presence of plants are more physiologically active than in the absence of plants, since plant roots affect soil microbial communities via several mechanisms, including excretion of organic compounds, competition for nutrients, and providing a solid surface for attachment [13, 16] . Thus, there is a need to understand the effect of NPs on soil microbial communities both in the absence and presence of plants. However, very little data exist regarding the toxicity of NPs on plant and soil microbial community interactive systems.
In addition, among the metal oxides, ZnO NPs are widely used in cosmetic and skin care products, such as sunscreens, toothpastes, shampoos and soaps, anticancer medicines, and photocatalyst pigments [9, 19] . There have been many studies that examined the phytotoxicity of ZnO NPs on Cucumis sativus [13] and the inhibition of germination on corn and Arabidopsis thaliana by high doses (2,000 or 4,000 mg/l) of ZnO NPs [22, 23] . The positive and negative phytotoxic effects on root elongation for different plant species, and nanoparticle element species, size, and solubility have been investigated [11, 13, 30] . The negative toxicological effects of ZnO NPs on soil microorganisms and soil bacterial communities have been previous examined [4, 7, 17] . To date, many studies on the nanotoxicity of NPs on plant and soil microorganisms have been performed; however, there have not been data on the nanotoxicity of the soil-plant interactive system. Therefore, there is a need to study the toxic effects of ZnO nanoparticles on soil-plant systems.
In the present study, we compared the changes in the soil bacterial community caused by ZnO NPs in the presence and absence of plants. The aim of this study was to investigate the interactive nanotoxicology using T-RFLP-based diversity estimates as well as dissimilarities in soil bacterial community compositions at different ZnO NPs doses in the presence and absence of plants.
MATERIALS AND METHODS

Nanoparticles Preparation
The ZnO NPs powder was purchased from Sigma Aldrich Chemical Co. (St. Louis, MO, USA) and stored according to the vendor's instructions. The ZnO NPs were <50 nm and their purity was >97%. The specific surface area of the ZnO NPs was >10.8 m 2 /g. ZnO nanoparticle size and morphology were characterized by transmission electron microscopy (TEM; LIBRA 120, Carl Zeiss, Germany) (Fig. 1) . Although ZnO NPs aggregated to a small extent, individual particles were 50 nm in diameter with a nearly spherical shape.
Characterization of Soil Sample
Natural soils were sampled from the campus of Ewha Womans University, Seoul, Korea. For characterization of the soil properties, the pH of the soil sample was measured using a pH meter (3 STAR, Thermo Fisher Scientific Inc., USA) after homogenizing the soil sample in distilled water at a 1:5 ratio (w/v). To determine the water content (WC), the soil samples were oven-dried in a crucible at 105 o C for 12 h and the weight difference was measured. The organic matter content (OC) was measured using the loss-onignition method. The samples were heated at 600 o C in a furnace (MAS 70000; CEM, USA) for 1 h, cooled to room temperature in a desiccator, and then weighed. The soil texture was analyzed at the National Instrumentation Center for Environmental Management (NICEM; http://nicem.snu.ac.kr).
Experimental Design
The soils were sieved through a 2.00 mm mill. For each treatment, ZnO NPs, in powder form, were added to the soil in a beaker at final concentrations of 10, 100, and 1,000 mg/kg, respectively. The soils were thoroughly mixed to ensure uniformity using a spatula for 10 min, and then aged for 1 week. This aged natural soil was used as the negative control (NS-P). To set up the soil microcosm with active soil bacteria, 75 g of soil containing nanoparticles was added to 500 ml stericup filter system jars (Millipore, USA). These jars were then closed using the supplied filters to maintain stable humidity conditions, while at the same time permitting aeration. The jars were then placed in a growth room at 25 o C and subjected to a 16 h light/8 h dark cycle. A control set containing only 75 g of soil and no nanoparticles was also prepared. The humidity in the jars was maintained by adding distilled water to the top of stericup filters in order to compensate for the water loss due to evaporation. The bar shows the scale in nanometers.
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After 15 days of incubation, enzyme activity and microbial diversity in the soil samples (Microcosm without plant; M-P) were analyzed.
To study the effect of ZnO NPs on the interactions between the soil microbial community and plant, 2 weeks aged seedlings of buckwheat (Fagopyrum esculentum) were transplanted directly into the microcosm soil (Microcosm with plant; M+P) contaminated with 10, 100, or 1,000 mg/kg of ZnO NPs. Two weeks aged seedlings were grown at a density of four per microcosm soil pot for 2 weeks. The pots were then placed in a growth room at 25 o C and subjected to a 16 h light/8 h dark cycle. After 5 days, the plants and soils were carefully harvested and seedling growth and the diversity of the microbial community were analyzed. The study was carried out in three sets. After the experiment was complete, all soil samples were placed in a sterile plastic bag, sealed, and stored at 4 o C for analysis.
Seedling Growth Measurement
Buckwheat seeds (F. esculentum) were purchased from a local store at the Korean Seed Service Center, and the germination rates were above 80%. Plants were harvested from the soil and washed with distilled water to remove soil deposits. The shoot length of F. esculentum was then measured in the M+P and NS+P.
Soil Microbial Enzyme Activities
Dehydrogenase activity (DHA) was measured using the 2- [25] . Mixtures of soil (3 g of fresh soil) and the substrate solution were incubated for 24 h at 37 o C. The reaction products were then analyzed using a spectrophotometer (DR/3000 Spectrophotometer, HACH) at 485 nm. The enzyme activities in the soil and the substrate solution [1:5 (w/v)] were measured using a spectrophotometer.
Soil Microbial Community Soil DNA extraction. DNA was extracted from 1 g of each soil sample before preincubation using a Fast DNA SPIN kit for soil samples (MP Biomedical, OH, USA), as specified by the manufacturer. To extract the DNA from the preincubated samples, 1 ml of each sample was centrifuged at 12,000 ×g for 5 min and the pellet was analyzed using the same kit described above. The DNA samples obtained were stored at -20 o C before use as PCR templates. T-RFLP analysis. A comparison of the bacterial community structure of microcosm with plant (M+P), microcosm without plant (M-P) and no microcosm with plant (S+P) was conducted. Genes encoding 16S rRNA were separately amplified using universal bacterial primers HEX-labeled 8F (AGA GTT TGA TCC TGG CTC AG) and 1492R (GGT TAC CTT GTT ACG ACT T). PCR was carried out in a 20 µl (total reaction volume) mixture, containing ca. ~10 ng of total DNA, 5 pmol of each primer, and 1 U/4 µl HiPi Thermostable DNA polymerase in 4 µl of HiPi PCR premix tube (ELPiS Bio Inc., Daejeon, Korea). The reaction was performed in a GeneAmp® PCR system, Model 2700 (Applied Biosystems Inc., Foster City, USA 
The size of each PCR product was verified on a 1% agarose gel and each amplicon was then purified using a Gel Extraction Kit (Qiagen, Valencia, USA), as specified by the manufacturer. Each purified amplicon (~200 ng) was digested with 10 U of restriction endonuclease HhaI and RsaI (Promega, Madison, USA) at 37 o C for 4 h [4] . The terminal restriction fragment (T-RF) size composition of each sample was analyzed using electrophoresis in a denaturing polyacrylamide gel (6 M urea and 5% polyacrylamide) employing an ABI 377 DNA auto sequencer (GMI Inc., Ramsey, USA). T-RFs smaller than 50 bp or larger than 500 bp were excluded from the T-RFLP analysis, using GENESCAN analytical software (Applied Biosystems Inc., Foster City, USA). The selected T-RFs (50~500 bp) were quantified using their peak areas, with the minimum peak height threshold at 50 relative fluorescent units (RFU). Based on the relative abundance of the T-RFLP, the ShannonWeaver's index (H') for the soil bacterial community diversity [28] and equitability index (J') for the soil bacterial community evenness [29] were calculated.
Statistical Analysis
Statistical significance analysis of the effect of ZnO NPs on plant seedling growth in the microcosm soil and the toxic effect of ZnO NPs on microcosms in the presence and absence of plants was assessed at the 0.05 level using a Tukey's test. This test was performed to examine the significant differences in DHA between the control and ZnO NPs treatment. Based on the relative abundance of the T-RFLP profiles, a principal component analysis (PCA) was performed using the SPSS version 12.0K software (SPSS Inc., Chicago, USA).
RESULTS
Characterization of Soil Properties
The biochemical properties of natural soil was determined based on the pH, WC, OC, DHA, Shannon-Weaver index (H') of the soil microbial community diversity, equitability index (J') for community evenness, and soil texture ( Table 1) . The natural soil sample was weakly acidic (pH: 5.5 ± 0.2) and had a loamy sand texture containing 54.1% sand, 30.9% silt, and 15.0% clay. The WC (%, w/w), OC (%, w/w), and DHA (µg/dwg) was 14.4 ± 1.2, 8.9 ± 0.8, and 73.3 ± 5.29. The H' value was 3.63 for diversity and the J' was 0.91 for evenness. The natural soil was determined to be adequate for the negative control. 
Negative Effects of ZnO NPs on Plant and Soil Microorganism
To assess the interactive phytotoxic effects of ZnO NPs on plants with a soil microorganism, the seedling growth of F. esculentum was measured under M+P and NS+P conditions. The seedling growth of F. esculentum decreased with an increase in the ZnO NPs concentration (Fig. 2) . Interestingly, the shoot length of F. esculentum under the M+P treatment with 100 mg/kg of ZnO NPs (11.7 cm ± 2.9) and 1,000 mg/kg of ZnO NPs (9.5 cm ± 3.6) was significantly lower than that of the control (12.5 cm ± 2.0), where significant inhibition of shoot length in F. esculentum of NS+P was observed at 10 mg/kg (11.2 cm ± 3.3), 100 mg/kg (9.7 cm ± 2.0), and 1,000 mg/kg (8.7 cm ± 2.3). The seedling growth of M+P was less inhibited than that of NS+P.
To assess the effect of ZnO NPs on soil microorganism with and without plants, the DHA was determined for M+P and M-P. The DHA of all ZnO NPs treatments were lower than that of the control. Interestingly, a significant difference reduction in DHA was observed at 1,000 mg/kg (47.2 µg/g dw ± 3.7) for the M+P group and at 100 mg/kg (39.9 µg/g dw ± 10.0) and 1,000 mg/kg (38.2 µg g -1 dw ± 8.8) for the M-P group. At the intermediate ZnO NPs concentration, the soil bacterial enzyme activity without plants was more significantly inhibited than with plants (Fig. 3) .
Alteration of ZnO NPs on Soil Bacterial Community
To analyze the effects of ZnO NPs on soil bacterial communities, DNA-based T-RFLP analysis was conducted. The Shannon-Weaver index (H') for the community diversity and the equitability (J') for the community evenness from M+P and M-P under ZnO NPs treatment were calculated based on the T-RFLP profiles ( Table 2) . The H' and J' values of the control in the M+P were 3.94 and 0.87, respectively, and those of the control in the M-P were 3.74 and 0.84, respectively. Therefore, the H' values of the control (ZnO NPs of 0 mg/l) were higher than that of the negative control (3.63). In contrast, the J' values of the control (ZnO NPs of 0 mg/l) were lower than that of the negative control (0.91). Interestingly, in the both the M+P and M-P for the ZnO NPs treatments, H' values were lower than that of the control and the J' values were slight higher than that of the control.
Principal component analysis (PCA) was also conducted based on the T-RFLP profiles to compare the differences in the soil bacterial structures between M+P and M-P at different ZnO NPs concentrations (Fig. 4) . In the M+P soil samples, ZnO NP treatments were compactly assembled, except for the control (Fig. 4A) , whereas the soil bacterial structures of the M-P samples were dispersed at a ZnO NPs concentration of 1,000 mg/kg (Fig. 4B) . The high dose of ZnO NPs affected the clustering of M+P and M-P.
DISCUSSION
In this study, we examined the differences in the nanotoxicity of ZnO NPs on interactive soil-plant systems, and the effect of ZnO NPs on soil bacterial communities was shown to depend on the presence of plants. We hypothesized that if ZnO NPs are less toxic to plants under active soil microcosm culturing conditions than natural soil culturing conditions, the difference in phytotoxicity between them would reflect the inhibition of seedling growth at the same concentration. Our results support this hypothesis.
In microcosms with plants (M+P) in 100 mg/kg and 1,000 mg/kg ZnO NPs, a significant reduction in shoot length was observed (6.4% and 24%, respectively). On the other hand, in the natural soil with plants, a significant reduction was observed at all treatment concentrations (10, 100, and 1,000 mg/kg; 11.8%, 23.6%, and 31.5%, respectively). At the same treatment (100 and 1,000 mg/kg ZnO NPs), there was a negative trend of dose-response relationship of seedling growth under the inactive soil microbial community (NS+P) (p<0.05). Overall, the phytotoxicity of nanoparticles on interactive soil and plant environment might be more affected by natural soil bacteria than active microcosmic soil bacteria. This result speculates that activation of some soil bacteria adapted to ZnO NPs in the M+P may help decrease the phytotoxicity of ZnO NPs. However, inactivation of damaged soil bacteria by ZnO NPs in the NS+P may not help in decreasing the phytotoxicity. In addition, no reduction in shoot length for the M+P condition at a ZnO NPs concentration of 10 mg/kg was observed, which might indicate that bacteria act as essential nutrient elements. This result supports the findings of Lin and Xing [13] , who reported no significant root inhibition when the ZnO NPs concentration was less than 10 mg/l for rape and ryegrass and 20 mg/l for radish. Another hypothesis was that if plants helped to decrease the ecotoxicity of ZnO NPs in the soil bacterial community of M+P, the soil bacterial enzyme activity and community diversity of M+P would be different to the M-P condition. To address this question, DHA and T-RFLP analysis was used. Interestingly, a significant difference in reduction in DHA was observed for the M-P when the ZnO NPs concentration was 100 mg/kg, which suggests that the ZnO NPs were more toxic in soil environment without plants than in soil environment with plants. This result supports the notion that metal nanoparticles could be significantly ecotoxic and kill phytostimulatory soil bacteria [16] . In addition, in both M+P and M-P exposure to all treatment concentration of ZnO NPs, the reduction in the H' values and increase in the J' values showed altering of the soil bacterial population of control. This result suggests that ZnO NPs are toxic to soil bacterial communities. Interestingly, the H' values of the control for M+P was higher than that of the control for M-P. This might be caused by the effect of the rhizobacteria on the community diversity. In addition, the much higher Hv alues under the M-P condition than negative control may have been due to the diversification that occurred over the 2 weeks of incubation. T-RFLP is a convenient DNAbased community fingerprinting method for detecting changes in soil microbial communities [14] . T-RFLP profiles of soil bacterial communities were analyzed using PCA (Fig. 3) . The PCA graphs represent soil bacterial communities associated with plants. In the M+P condition, one cluster was observed at the low, intermediate, and high ZnO NPs concentrations tested and another was observed for the control (Fig. 3A) . In contrast, under the M-P condition, Fig. 4 . Principle component analysis (PCA) to illustrate the shifts of soil bacterial communities exposed to different ZnO NPs at 10, 100, 1,000 mg/kg, and control.
(A) Change of soil bacterial communities in M+P (microcosm with buck wheat); (B) change of soil bacterial communities in M-P (microcosm without buck wheat).
one cluster was observed for the control, low, and medium dose of ZnO NPs and another was observed for only the high dose of ZnO NPs (Fig. 3B) . This difference in clustering of M+P and M-P suggests that different dominant species were present between M+P and M-P at the high dose of ZnO NPs. This shift in soil bacterial community structure suggests that ZnO NPs may influence the soil bacterial population. This result suggests that ZnO NPs may be more toxic to M-P soil bacterial populations at high doses than to M+P soil bacterial populations.
In summary, seedlings growth was significantly reduced in response to ZnO NPs, depending on the soil bacterial activity. The growth inhibition trend of plants exposure to ZnO NPs may depend on soil microorganism adaptation to ZnO NPs. Bacterial enzyme activity and community diversity in soil containing ZnO NPs were shown to depend on the presence or absence of plants. In addition, at a high dose (1,000 mg/kg) of ZnO NPs, the M-P's soil bacterial population may have more toxic effects than M+P's soil bacterial population. The plant and activation of soil bacteria in the M+P may have less toxic interactive effects on each of soil bacterial populations and plant growth by the ZnO NPs attachments or absorption of plant roots surface. Finally, the soil-plant interactive system might help in decreasing the toxic effects of ZnO NPs on the rhizobacteria population relative to soil systems not containing plants.
